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Abstract

10 − 10
5M⊙ black holes with dark matter spikes that formed in early minihalos and still

exist in our Milky Way Galaxy today are examined in light of recent data from the Fermi
Gamma-Ray Space Telescope (FGST). The dark matter spikes surrounding black holes in our
Galaxy are sites of significant dark matter annihilation. Weexamine the signatures of annihi-
lations into gamma-rays,e+/e−, and neutrinos. We find that some significant fraction of the
point sources detected by FGST might be due to dark matter annihilation near black holes in
our Galaxy. We obtain limits on the properties of dark matterannihilations in the spikes using
the information in the FGST First Source Catalog as well as the diffuse gamma-ray flux mea-
sured by FGST. We determine the maximum fraction of high redshift minihalos that could have
hosted the formation of the first generation of stars and, subsequently, their black hole rem-
nants. The strength of the limits depends on the choice of annihilation channel and black hole
mass; limits are strongest for the heaviest black holes and annhilation tobb̄ andW+W− final
states. The larger black holes considered in this paper may arise as the remnants of Dark Stars
after the dark matter fuel is exhausted and thermonuclear burning runs its course; thus FGST
observations may be used to constrain the properties of DarkStars. Additionally, we comment
on the excess positron flux found by PAMELA and its possible interpretation in terms of dark
matter annihilation around these black hole spikes.

1 Introduction

The very first generation of stars, known as Population III.1, likely formed from metal-free, molec-
ular hydrogen-cooled gas at the center of dark matter minihalos of ∼ 106M⊙ at z & 10 [1–6].
Simulations indicate that they were quite massive, typically more than 100M⊙. If dark matter
is made of Weakly Interacting Massive Particles (WIMPs), which are typically their own antipar-
ticles, then the first phase of stellar evolution may be a DarkStar (DS) phase [7], during which
the star is powered by dark matter (DM) annihilations prior to nuclear fusion. Indeed, if the DS
phase persists for an extended period of time before fusion sets in, the star may grow to be cor-
respondingly more massive: as long as dark matter annihilation powers the star, it remains cool
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enough to continue to accrete matter and grow ever larger. Initial work showed that they can grow
to be∼ 1000M⊙ [8], while more recent studies, taking into account triaxial halos with a variety of
particle orbits, demonstrate that they may even become super-massive& 105M⊙ [9]. Subsequent
to the initial paper on Dark Stars [7], other authors have explored the repercussions of DM heating
in the first stars, including [10–24].

When the DM fuel inside a DS runs out, it collapses and heats upto become a standard fusion-
powered star. If some Population III.1 stars experience a DSphase, the Initial Mass Function
(IMF) for fusion-powered stars may be quite different than what might otherwise be expected [25].
Specifically, the IMF would be determined by the length of theDS phase, i.e. by how long it
took each DS to exhaust its DM fuel supply. The “dark power” may have lasted different amounts
of time in different DSs: millions to billions of years for some stars or, in extreme cases, even
until today. Stars in the mass range140 − 260M⊙ would have ended their lives as pair instability
supernovae, leaving no remnants [26,27], but stars outsidethis mass range would collapse to black
holes. It is the latter case that we consider in this paper.

Our work, though motivated by the DS scenario, applies generally to black holes at the centers
of minihalos, regardless of their origin. Many black holes of mass10 − 105M⊙ that formed at
the centers of minihalos survive in the universe today. Assuming some fraction of high redshift
minihalos hosted Population III.1 star formation, one can estimate the distribution of their remnant
black holes today. Each remnant black hole will be surrounded by a region of enhanced dark
matter density, which we refer to as a “spike.” Although someof the original minihalos would
have merged with other DM halos, resulting in disruption, one can still follow the evolution of the
black holes and their DM spikes in simulations. Here, we use the Via Lactea-II simulation to track
black hole spikes from the redshift of their formation toz = 0. In this way, we estimate the black
hole population in a galaxy like our Milky Way today.

When the baryonic gas in a minihalo collapses to form a structure, be it a star or black hole,
dark matter is dragged in, creating a DM spike around the central object. The star or black hole
provides a gravitational potential that causes the surrounding DM to be pulled inward, into and
around the object. The resulting enhanced DM density may be computed via adiabatic contraction,
assuming that the DM orbital timescale is shorter than the timescale of the changing gravitational
potential. As the star reaches the end of its lifetime, collapsing to become a black hole, the DM
spike remains in place. The enhanced DM density in these spikes leads to an enhanced rate of DM
annihilation, which scales as the square of the DM density. Unstable DM annihilation products
undergo hadronization and decay, with typical final products being gamma-rays,e+/e− pairs, and
neutrinos, each of which may provide a significant signal at avariety of ground- and/or space-based
detectors.

In this paper, we explore the detection prospects for gamma rays produced in dark matter
annihilations in the DM spikes surrounding black holes for arange of star formation scenarios,
black hole masses, and dark matter annihilation modes. The current data from the Fermi Gamma-
Ray Space Telescope (FGST) are used in a two-pronged approach to constrain the number of black
holes in the Milky Way halo and, consequently, the number of DSs that could have formed at early
times. We use the FGST First Source Catalog [28] to find the minimal distance to the nearest DM
spike such that it is not brighter than the brightest source observed by FGST. From the predicted
distribution of such spikes in the Milky Way halo, we extracta limit on the fraction of minihalos
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in the early universe to host a black hole (and survive as a DM spike in our Galactic halo today).
We also use the FGST measurement of the diffuse gamma-ray background [29] to constrain the
population of DM spikes contributing to the diffuse flux today, thereby setting a second limit on
the fraction of minihalos in the early universe to become DM spikes in our Galactic halo.

Several groups have previously studied signatures from DM annihilation in DM overdensities,
or spikes, around black holes. Gondolo and Silk [30] first pointed out the possibility of a DM spike
around the∼ 106M⊙ Super-Massive Black Hole (SMBH) at the center of the Galaxy;they coined
the terminology “spike” to differentiate the gravitationally contracted DM due to the existence of
the black hole from the more standard possibility of cusps atthe centers of DM halos in cold dark
matter scenarios of structure formation. The enhancement in the dark matter density in the spike
due to the SMBH at the center of the Milky Way was later shown tobe likely reduced by a variety
of effects including mergers, formation of the initial black hole away from the Galactic Center,
and gravitational scattering with stars [31–34]. Zhao and Silk [35] suggested DM spikes around
Intermediate Mass Black Holes, remnants of Pop. III stars, similar to the work in this paper. Shortly
thereafter, Bertone, Zentner, and Silk (BZS) [36], with follow-up work in [37], [38], and [39],
studied formation and evolution histories for black holes and proposed looking for signatures of
DM annihilation in the spikes around them in the Galaxy today. They chose two scenarios to
examine: (i) 100M⊙ black holes left over as remants from the first stars, and (ii)105M⊙ black
holes that formed in larger107M⊙ halos due to accretion disks. They too estimated the distribution
of unmerged spikes that reside in the Milky Way today for eachscenario. Our work, although
similar to theirs, differs quantitatively in the followingrespects. First, we identify star-forming DM
halos in a different way, as described in Section 2. Second, since we are motivated by a potentially
long-lived DS phase for Pop. III.1 stars, we consider a variety of black hole masses between10
and105M⊙. Third, we use recently released data from FGST to constrainthe current population of
black holes and, consequently, the initial population of their progenitors. In particular, we consider
data from both the FGST First Source Catalog [28] and the measurement of the diffuse gamma-ray
flux [29].

In Section 2 we discuss the remnant black hole population in the Milky Way halo, and in
Section 3 we discuss the DM spikes surrounding those black holes. In Section 4 we present the
signal from dark matter annihilation in DM spikes in the Milky Way halo, that due to spikes that
appear as point sources and the expected diffuse gamma-ray flux. We then use FGST point source
data and the measurement of the diffuse gamma-ray background to place constraints on the star
formation history in a variety of dark matter annihilation models, as presented in Section 5. In
Section 6 we briefly address signatures in positrons and neutrinos and discuss prospects for future
work. Finally, in Section 7 we present our conclusions.

2 Remnant Black Hole Population in the Milky Way Halo

In order to estimate the observable consequences of annihilation in the DM spikes around black
holes, we need to estimate the number of black holes in the Milky Way halo today that are the
remnants of the first stars. Ideally, we would like to know theInitial Mass Function and Star
Formation Rate of Pop. III.1 stars; however, what guidance we can get from simulations is limited
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by our understanding of feedback processes in the early universe. During the DS phase, since the
stars are extremely cool there is very little ionizing radiation and therefore very little feedback.
However, as soon as the first fusion-powered stars form, theyproduce ionizing photons which
influence and hinder the formation of stars in neighboring regions. The effects of feedback on star
and/or protogalaxy formation have been studied in Refs. [40–45], among others. Because of the
many uncertain aspects of theoretical studies of Population III.1 star formation, in this paper we
follow the method discussed in the remainder of this section.

We use the Via Lactea-II simulation to estimate the number and mass distribution of DM mini-
halos as a function of redshift. The minihalos that hosted Pop. III.1 stars must have had masses
in a very particular range at the time of star formation. Pop.III.1 stars could only form when a
cooling mechanism for the collapse of the baryonic cloud arose. The first accessible mechanism to
cool the gas was via excitations of molecular hydrogen, the fraction of which present in a minihalo
is related to the temperature, which in turn can be written interms of the mass and redshift of
the minihalo. We use the parametrization of Ref. [46] for theminimum halo mass in which star
formation could occur:

Mhalo
min ≈ 1.54× 105M⊙

(1 + z

31

)−2.074

. (1)

Because of the hierarchical nature of structure formation,there are far more smaller halos than
larger ones. Our results are therefore not sensitive to the maximum halo mass for Pop. III.1 star
formation, which we take to beMhalo

max = 107M⊙. See also [41].
Next we assume that some fraction,f 0

DS, of viable minihalos hosted a Pop III.1 star (e.g. a
DS). We also assume that each star ended its life in collapse to a black hole. Neglecting, for now,
black hole mergers, the comoving number density of black holes as a function of redshift is then

NBH(z) = f 0
DS Nhalo(z), (2)

whereNhalo(z) is the comoving number density of minihalos in which Population III.1 star forma-
tion was possible.

The duration of the DS phase is highly variable, and DSs may live vastly different amounts of
time before running out of DM fuel, becoming fusion-powered, and finally collapsing to a black
hole. However, the lifetime of the star is not important as long as it has reached the black hole
stage today. We also note that we do not consider further accretion of mass onto the black hole;
this is the most conservative assumption regarding potential detectability and constraints on DS
scenarios.

At some time between the beginning of Population III.1 star formation and the end of reion-
ization atz ∼ 6, hydrogen deuteride (HD) cooling would have become possible in minihalos, at
which point massive Population III.1 (and DS) formation would have given way to less-massive
Population III.2 star formation [42], however there are fewconstraints on when this transition
occured. Motivated by recent discussions of the effect of feedback from the very first stars on
subsequent star formation and reionization [41–45, 47], weconsider three scenarios for the ter-
mination of Population III.1 star formation at redshiftzf . These scenarios are hereafter noted as
Early, Intermediate, and Late, following Ref. [42], withzf ≈ 23, 15, and11, respectively, as shown
in Table 1. For each case, we assume that Pop. III.1 star formation was only possible in minihalos
with masses in the range discussed above and prior to the termination redshift.

4



Label zf Representation
Early 23 green

Intermediate 15 red
Late 11 blue

Table 1: Three scenarios for the redshift at which Population III.1 star formation ceases,zf . In the
third column we list the color used to represent each case in the following figures.

We determine thez = 0 distribution of DM spikes throughout the Galactic halo fromthe Via
Lactea II (VL-II) cosmological N-body simulation [48]. With a particle mass of4.1 × 103M⊙,
VL-II is the first simulation of the Galactic DM halo that is able to directly resolve the small
progenitors (minihalos) which are the formation sites of Population III.1 stars.

As discussed above, since the truncation redshift for Pop. III.1 star formation is poorly con-
strained, we consider three different scenarios: Early (zf = 23.1), Intermediate (zf = 14.8), and
Late (zf = 11.2). At these redshifts we identify all minihalos between the minimum mass in Eq. 1
and a maximum mass of107M⊙

1 and assign one Population III.1 star to its most bound particle
(tracer particle). We assume that this Population III.1 star will then form a black hole surrounded
by a DM spike, as described in Section 3, and that both the black hole and the spike will survive
until z = 0. Thez = 0 position of the tracer particles directly relates to the distribution of DM
spikes in this scenario. The simulation naturally includesthe effects of dynamical friction and
tidal stripping as the minihalos fall into larger host halos. Eventually many of these minihalos fall
below105M⊙ and are no longer resolved in VL-II. From this point on the remaining minihalo with
its black hole and DM spike is represented as a point mass in the simulation, i.e. the dynamical
friction of the stripped minihalo against the Galactic DM halo is neglected, but this effect is very
small for objects below105M⊙ even near the Galactic center [50].

We mention here two caveats: First, VL-II does not include the formation of the Galaxy which
could contract the DM halos and therefore also the spike distribution. However, contraction may
be much smaller than the classical adiabatic models assume,if it exists at all (e.g. Ref. [49] argues
for DM halo expansion during galaxy formation). Second, when two minihalos (each containing
a black hole) merge, it is possible that the black holes form aclose binary which would destroy
the DM spikes. Our model does not account for that. However, we estimate, as described in detail
below, that mergers may change the number of DM spikes in our Galaxy today by at most a factor
of 2 for the highest black hole masses considered, and very little for low mass black holes.

The limited time and spatial resolution of VL-II and the lackof massive black hole particles in
this DM-only simulation make it impossible to identify black hole mergers directly. To estimate
the fraction of DM spikes which could have been destroyed in mergers we simply identify for each
spike its nearest companion black hole in 24 snapshots betweenz = 11 andz = 0 2. For simplicity
we assume here that the spikes orbit around each other on a circular orbit within an isothermal

1Using a larger maximum mass of108M⊙ gives virtually the same results, a consequence of the steepness of the
halo mass functions for these redshifts and mass ranges.

2A list of the exact reshifts is available at www.physik.uzh.ch/∼diemand/vl.
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sphere, in this case the dynamical friction time is simply [50]

tfric =
19Gyr

lnΛ

(

∆r

0.5 kpc

)2
∆v

20 kms−1

105M⊙

MBH+DMspike

, (3)

where∆r and∆v are the distance and relative velocities of the two neighbouring black holes.
The Coulomb logarithm is set toln Λ = 6. Equation 3 is evaluated for all DM spikes at each
of the 24 time steps betweenz = 11 andz = 0 and all DM spikes which might have merged
by today according to theirtfric are added up. The fraction of DM spikes potentially lost through
mergers is significant only for the most massive black holes and for f 0

DS close to one: For the
Late scenario, withf 0

DS = 1 andMBH+DMspike = 105M⊙ the fraction of possibly lost spikes is
fmerged = 0.49. Lowering the mass to104M⊙ results infmerged = 0.24, and going down to103M⊙

givesfmerged = 0.076. These estimates illustrate that these mergers would result in disruption of,
at most, fewer than half of all Milky Way black holes for the largest black hole masses considered
here, and much smaller fractions for lower black hole masses. Since it is not possible to directly
identify black hole mergers in VL-II, for the following analysis we definefDS to be the fraction of
surviving black holes with surrounding DM spikes, such thatit is related to the initial fraction of
star-forming minihalos,f 0

DS, as

fDS = f 0
DS(1− fmerged), (4)

with the fraction of DM spikes destroyed in mergers,fmerged, itself a function off 0
DS. For small

f 0
DS, mergers become very rare andfDS → f 0

DS.
In Fig. 1 we show the number densities of DM spikes inside the Milky Way halo as functions

of Galactic radius for Early, Intermediate, and Latezf . In the Early case, Pop. III.1 star formation
terminates atz ≈ 23, so there were the fewest stars, and therefore the fewest black holes and
surviving density spikes today. In the Intermediate and Late cases, Population III.1 star formation
turns off at redshifts of roughly 15 and 11, respectively. For comparison, the total dark matter
density profile atz = 0 in VL-II is also shown; although the normalization of these points is
arbitrary, it is useful to illustrate that the total DM profile is more extended than the distribution of
black holes with DM spikes.

We can contrast our approach for finding the relevant DM minihalos to that of Ref. [36]. At
z = 18, they populated halos that constituted3σ peaks in the smoothed primordial density field
with seed black holes of initial mass100M⊙. Using an analytical model of halo evolution, they
simulated 200 statistical realizations of the growth of a Milky Way-sized halo. A fit to their re-
sulting distribution of DM spikes is shown as the grey curve in Fig. 1. Instead, we use a single
iteration of the VL-II cosmological simulation and follow potential Population III.1 star-forming
minihalos within the halo mass range and redshift ranges discussed above.

Using their approach, Ref. [36] found that1027 ± 84 unmerged IMBHs and surrounding DM
spikes are expected to exist in the Milky Way halo today. Our simulations yield 409, 7983, and
12416 DM spikes in the Early, Intermediate, and Late scenarios, respectively, assumingfDS = 1.
However, not every viable minihalo must have hosted a Pop. III.1 star, in which case the total
number of DM spikes in our Galactic halo would be roughly proportional tof 0

DS. Again, for small
f 0
DS, the fraction of DM spikes destroyed in mergers becomes negligible, andfDS ≈ f 0

DS.
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Figure 1:The number density of black hole spikes in the Milky Way as a function of Galactic radius
for star formation models with Early (green), Intermediate(red), and Late (blue)zf as described
in the text and forfDS = 1. Curves have been obtained using the VL-II N-body simulation as
described in the text. The black points illustrate the totaldark matter density profile atz = 0 in
VL-II. Also shown as a solid grey curve is the analytical fit found in Ref. [36,38]. Our simulations
show 409, 7983, and 12416 DM spikes in the Milky Way for the Early, Intermediate, and Late
scenarios, respectively, assumingfDS = 1.

3 Dark Matter Density Spikes

The density profile of a dark matter spike surrounding a blackhole is determined by adiabatic
contraction of the dark matter halo around the central mass.For concreteness, as our starting point
we take the Navarro, Frenk, and White (NFW) profiles for both the baryons (15% of the mass) and
dark matter (85% of the mass):

ρ(r) =
ρ0

r/rs(1 + r/rs)2
, (5)

whereρ0 is the scale density andrs is the scale radius [51]. The scale density,ρ0, can be re-
expressed in terms of the critical density of the universe ata given redshift,ρc(z), via

ρ0 = ρc(z)
200

3

C3

ln(1 + C)− C/(C + 1)
, (6)

where we take the value of the concentration parameter to beC ≡ rvir/rs = 3.5, andrvir is the
virial radius of the halo. We find that decreasing the concentration parameter toC = 2 results in a
∼ 30% decrease in the luminosity of each spike. Sensitivity of DS properties to the concentration
parameter is discussed in Ref. [52].
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We assume a flatΛCDM universe with current matter densityΩm = 0.24 and dark energy
densityΩΛ = 0.76.

We allow a point mass to grow at the center of the halo, mimicking the formation of a star
and the subsequent remnant black hole. To model the responseof the DM to this density growth
we have used the simple Blumenthalet al. prescription for adiabatic contraction [53]. It has been
shown that this method obtains a DM density profile that is accurate to within a factor of 2 [12].
The result of the adiabatic contraction is a roughly power law density profile.

In Fig. 2 we show the contracted halo profiles today for DM spikes due to black holes of various
masses for the case where the central object formed atz = 15. We note that the power law portion
of the profile is independent of WIMP mass. In the central regions, closest to the black hole, some
of the DM has annihilated away in the time since the formationof the central mass. We follow
BZS who found an upper limit to the DM density

ρmax =
mχ

〈σv〉tBH

, (7)

wheretBH is the lifetime of the central mass, roughly1.3 × 1010 years for a star that formed at
z = 15. Thus we take the density profile in the inner region to be a flatplateau with this density out
to the radiusr∗, defined byρ(r∗) = ρmax, beyond which the density profile follows that expected
from adiabatic contraction of the minihalo. We note, however, that a proper treatment of this inner
region is more complicated: Because dark matter particles in triaxial halos may follow box or
chaotic orbits [54], some of the DM particles that are expected to have annihilated with each other
in the center of the spike would not have been on orbits that would have returned them to the center
anyway. Thus, for triaxial halos, it is harder to deplete thedensity in the central region. The use of
Eq. 7 may therefore underestimate the amount of DM remainingin the center, but on these long
timescales it is an acceptable estimate.

Fig. 3 illustrates the dependence of the DM density profile onthe redshift of formation of the
central DS and subsequent black hole. The right panel reveals that there is nearly a factor of two
difference between the density profiles for black holes thatform atz = 10 andz = 20 at the radii
shown, which correspond to regions that contribute significantly to the total DM annihilation rate
(we note that only a fraction of a percent of the total annihilations in each spike occur atr & 1 pc).
The reason for this difference is the fact that at higher redshifts, densities are higher as(1 + z)3

and the halos have smaller radii (n.b. we keepC fixed throughout). Thus, we expect differences
in the flux of annihilation products from DM spikes created atdifferent redshifts, all other factors
being equal.

4 Gamma Ray Signal from Dark Matter Annihilations

For a Majorana dark matter particle with massmχ and annihilation cross section times velocity
〈σv〉, the rate of WIMP annihilations in a DM spike is

Γ =
〈σv〉
2m2

χ

∫ rmax

rmin

dr 4πr2 ρ2DM , (8)
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Figure 2:Density profiles for contracted dark matter halos surrounding black holes of mass10M⊙

(magenta),102M⊙ (blue),103M⊙ (red),104M⊙ (green), and105M⊙ (orange), from bottom to top,
assumingmχ = 100 GeV and that the central black hole in each case formed atz = 15 in a halo
of mass106M⊙. Note that1 pc = 3.1× 1018 cm.

with rmin and rmax defining the volume of the DM spike in which annihilations occur. At a
minimum,rmin should be equal to the Schwarzschild radius of the black hole, rSch = 2GmBH

for a black hole of massmBH and Newton’s constant,G. We takermin = 4rSch, though our
results are not sensitive to this choice for anyrmin . 1014 cm, corresponding to∼ 3 × 10(8−i)

Schwarzschild radii for central black hole masses of10iM⊙.
We choose as a benchmark scenario〈σv〉 = 3×10−26 cm3s−1, in agreement with the measured

dark matter abundance today for thermal WIMP dark matter, and consider several WIMP candi-
dates, defined by mass and annihilation channel. Calculations are performed for WIMP masses
of 100, 200, 500, 1000, and 2000 GeV and Standard Model final statesbb̄, W+W−, τ+τ−, and
µ+µ−. The resulting spectrum of photons from annihilation to final statef , dNf/dE, is computed
with PYTHIA [55]. Forχχ → µ+µ−, the photon spectrum comes from final state radiation and is
given by

dNµ+µ−

dx
=

α

π

(

x2 − 2x+ 2

x

)[

ln

(

s(1− x)

m2
µ

)

− 1

]

, (9)

wherex ≡ Eγ/mχ, the center-of-mass energy squared iss = 4m2
χ, andα ≈ 1/137 [56]. We note

that WIMP candidates such as neutralinos typically annihilate to a variety of final states,f , with
branching fractionsBf such that the total annihilation cross section〈σv〉 can be expressed as the
sum over final states

〈σv〉 =
∑

f

〈σv〉f = 〈σv〉
∑

f

Bf , (10)

with the final sum evaluating to unity. Consequently, the rate of annihilations to final statef in a
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Figure 3:Density profiles for contracted dark matter halos surrounding black holes of mass102M⊙

for black hole formation atz = 10 (blue, dashed),z = 15 (red, solid), andz = 20 (green, dotted).
The initial halo mass is taken to be106M⊙ for each of the three cases, andC = 3.5. The right panel
zooms in to a range of radii that contribute significantly to the total DM annihilation rate in the
spike to show more clearly the differences between the threecases. Note that1 pc = 3.1×1018 cm.

DM spike may be expressed as
Γf = BfΓ. (11)

The intrinsic photon luminosity from dark matter annihilations in any dark matter spike is then

L =

∫

dE
∑

f

dNf

dE
Γf , (12)

with Γf given by Equations 8 and 11. This quantity is plotted as a function of WIMP mass in
Fig. 4 assumingBf = 1 for each of the final statesbb̄ (blue),W+W− (orange),τ+τ− (magenta),
andµ+µ− (green) and for DM spikes surrounding black holes of mass10M⊙ (thin dotted curves),
100M⊙ (thick solid curves), and1000M⊙ (thin dashed curves). We see that increasing the mass
of the central black hole by an order of magnitude increases the luminosity by nearly an order of
magnitude for all WIMP masses and final states. Also, heavierWIMPs result in significantly lower
luminosity, as there are fewer of them in each DM spike and therefore the annihilation rate is lower.
We note also the similarity of the luminosities for final statesbb̄ andW+W−, a consequence of the
similarity of the photon spectradN/dE in these two cases.

For simplicity, in the following sections, we focus on 8 combinations of WIMP mass and final
state, which we label with one particle of the final state and the WIMP mass, as shown in Table 2.
Furthermore, we assume that dark matter has only one dominant anihilation mode, and consider
only Bf = 1 for each final state. If dark matter annihilations result in more than one final state,
as for standard neutralino or Kaluza-Klein dark matter, ourresults must be scaled appropriately.
Given a WIMP annihilation model, the distribution of DM spikes in the Milky Way halo (as shown
in Fig. 1), and the characteristic density profile of each DM spike (for example, as shown in Figs. 2
and 3), we calculate the expected gamma-ray signal. In Section 4.1 we discuss FGST point sources,
and in Section 4.2 we discuss the diffuse gamma-ray flux.
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Figure 4:The intrinsic luminosity of photons with energy above 1 GeV from a single DM spike as
a function of WIMP mass in the Intermediatezf scenario. The thick curves are for a central black
hole of102M⊙ and the thinner dotted and dashed curves are for central black holes of10M⊙ and
103M⊙. From top to bottom, the blue, orange, magenta, and green contours represent final states
bb̄, W+W−, τ+τ−, andµ+µ−, respectively.

Model Mass (GeV) Final State Model Mass (GeV) Final State
b100 100 bb̄ τ100 100 τ+τ−

b1T 1000 bb̄ τ1T 1000 τ+τ−

W100 100 W+W− µ100 100 µ+µ−

W1T 1000 W+W− µ1T 1000 µ+µ−

Table 2: example WIMP annihilation models

4.1 Point Sources

The differential flux of neutral particles from annihilations to final statef in a DM spike with
radiusrmax located some distanceD from our Solar System is given by

dΦf

dE
=

Γf

4πD2

dNf

dE
, (13)

for D ≫ rmax. If D is not large compared tormax, however, an integral must be performed along
the line-of-sight,s, and over the solid angle of interest on the sky, defined by thepolar angle,θ:

dΦf

dE
=

Bf 〈σv〉
2m2

χ

dNf

dE

∫ θmax

0

dθ 2π sin θ

∫ smax

0

ds ρ2DM(r), (14)
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wherer =
√
D2 + s2 − 2sD cos θ, smax > D + rmax, andθmax defines the solid angle to which

the detector is sensitive as∆Ω = 2π(1− cos θmax).
FGST has compiled a catalog of point sources identified at& 4σ significance within the first

year of data collection [28]. If a single DM spike is a sufficiently bright and compact source of
gamma-rays, it may have been identified as a point source and recorded in the FGST First Source
Catalog, which contains 1451 point sources, including 630 that are not associated with sources in
other astronomical catalogs. Here we consider only point sources that are more than 10◦ away
from the Galactic plane (that is,|b| > 10◦), as it is expected that the region close to the plane will
contain the majority of baryonic gamma-ray sources (pulsars, supernova remnants, X-ray binaries,
etc.). Of the unassociated point sources in the FGST First Source Catalog, 368 have been detected
with greater than5σ significance and are more than 10◦ away from the Galactic plane.

Ref. [57] identifies a set of criteria for objects which should be identified as point sources by
FGST in the first year of observation, which we adopt here, as well3. Specifically,> 50 events
per year must be observed by FGST and> 95% of the events must come from within a cone of
half-angle2◦ centered on the source. A bound on our black hole sources can be placed as follows:
spikes bright enough to be identified as point sources must not be brighter than the brightest source
in the the FGST First Source Catalog, which has a flux of photons with 100 MeV< Eγ < 100
GeV of1.25 × 10−6 cm−2s−1. Requiring that the flux not exceed this value establishes a minimal
distance,DPS

min, beyond which the spike must be located in order not to be brighter than any source
in the FGST catalog.

The DM spikes from adiabatically contracted minihalos around black holes have quite steep
density profiles, so in all models considered we find that all sources located at distances≥ DPS

min

are highly localized such that the2◦ requirement is more than satisfied. We would like to empha-
size that the dark matter spikes in our paper are indeed point-like objects, with the dark matter
annihilation signal coming from the spike rather than from the extended minihalo around it. Of all
the scenarios considered, the closest a spike can be to our solar system is 0.01 kpc (see Fig. 5).
Even in this case,> 99% of the signal comes from within a cone of half-angle0.01◦ (that is, most
of the annihilations occur within∼ .002 pc of the central black hole). Since the 95% confidence
level Fermi containment angle is at least an order of magnitude larger than this at all energies [58],
this nearest spike is decidedly a point-like object.

Before proceeding, we would like to point out that the brightest FGST point source is actually
identified as associated with the Vela pulsar. The brightestsource that isunassociatedwith known
sources in other wavelengths has a flux of5.78 × 10−8 cm−2s−1. The factor of∼ 22 difference
between the flux from the Vela source and that from the brightest unassociated source means that
had we chosen to baseDPS

min on the unassociated source we would find eachDPS
min to be a factor of√

22 = 4.7 larger. We will return to this point in the following analysis.
In Fig. 5, we display in the left panel the minimal distance,DPS

min, at which a point source must
be located in order not to exceed the largest flux from any point source measured by FGST for the
eight example cases in Table 2. Also plotted in Fig. 5 is a horizontal line indicating the distance
from our Solar System to the Galactic center. Note that for 100 GeV WIMPs annihilating tobb̄ or

3In order to identify point sources in the first year data, the Fermi Collaboration have used a complicated diffuse
emmission model and likelihood Test Statistic as detailed in Ref. [28]. The sensitivity of our results to our choice of
simplistic criteria is discussed in Secs. 4.2 and 5.
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Figure 5: In the left panel, we display the minimal distance from our Solar System of a single spike
such that it does not exceed the flux of the brightest source inthe FGST First Source Catalog as
a function of central black hole mass for Intermediatezf . From top to bottom, the contours are
for models b100 (blue dashed), W100 (orange dashed),τ100 (magenta dashed), b1T (blue solid),
W1T (orange solid),µ100 (green dashed),τ1T (magenta), andµ1T (green solid). In the right
panel, we show the maximal distance from our Solar System of asingle spike such that it would
appear as a& 5σ point source to Fermi for the same cases. We assume thatBf = 1 for each of
the annihilation modes considered. If the total annihilation cross section is the sum of branching
fractions to different Standard Model final states,DPS

min andDPS
max would be scaled by

√

Bf . In
each panel, the horizontal black line indicates the distance to the Galactic center.

W+W−, if mBH & 2× 104M⊙ the nearest spike to our Solar System must be at least as distant as
the Galactic center. From the spike distributions in Fig. 1,we see that this is extremely unlikely.
In fact, within only 5 kpc of our Solar System, we expect thereto be∼ 7 DM spikes for Early
termination of star formation, and 94 DM spikes in both the Intermediate and Late cases, assuming
fDS = 1. Since the number of spikes in any volume scales withfDS, we find thatfDS can be
quite constrained for very large central black holes. However, for most of the DM models shown,
if the central black hole is. 103M⊙, spikes may be located within 1 kpc of our Solar System. No
matter which of the three choices forzf we adopt, we expect that less than one DM spike would
be located within 1 kpc of our Solar System, even forfDS = 1. Again, had we chosen to base our
analysis on the brightest unassociated point source, all curves in the left panel of Fig. 5 would be
shifted up by a factor of∼ 4.7.

In the right panel of Fig. 5, we show the maximal distance,DPS
max, at which a single DM

spike would be identified by FGST as a& 5σ point source. These distances were determined by
requiring 50 events per year in FGST from each spike. For 100 GeV WIMPs annihilating tobb̄
or W+W− around large black holes, as in the upper right portion of theright panel of Fig. 5, all
DM spikes in the Milky Way halo would be identified as point sources by FGST. In the opposite
extreme, for annihilation of 1 TeV WIMPs toτ+τ− or µ+µ− in the DM spike surrounding a 10
M⊙ black hole, any spike further than∼ 1 kpc would not be bright enough to be identified as a
point source. As mentioned above, it is not guaranteed that there are any DM spikes within 1 kpc
of our Solar System; thus no DM spikes may be bright enough to appear as FGST point sources.
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The results shown in Fig. 5 are for Intermediatezf (star formation ending atzf ≈ 15). In the Early
and Latezf scenarios there is a∼ 15% decrease and a∼ 13% increase inDPS

max, respectively, and
similar changes inDPS

min.
In Table 3 we list the number of DM spikes that would have been identified as5σ point sources

by FGST in the first year of operation in each of the WIMP annihilation scenarios in Table 2 for five
black hole masses and Early, Intermediate and Latezf . The number of such sources with Galactic
latitude|b| > 10◦ is shown in parentheses next to each entry. There are 368 unassociated5σ point
sources at|b| > 10◦ in the FGST First Source Catalog [28, 57]. One can see that many models
studied here greatly overproduce FGST point sources iffDS = 1, but recall that the number of
point sources scales withfDS. We note also that not all sources with the requisite brightness have
been detected by FGST, for example due to local background fluctuations or spectral shapes that
did not pass all analysis cuts. Even with these considerations, it is clear from Table 3 that many
conclusions regardingfDS are highly model-dependent. One can say with certainty, however,
that fDS is most constrained for large central black holes in the Intermediate and Latezf cases,
and possibly entirely unconstrained for smaller central black holes and if Pop. III.1 star formation
terminated atzf & 20.

Additionally, we remind the reader thatDPS
min has been determined based on the brightness of

the brightest source observed by FGST, rather than by the brightness of the brightestunassociated
point source, thereby over-estimating the number of nearbypoint sources in Table 3. If we assume
that all gamma-rays from associated sources are in fact due to the objects with which they are
associated (and not DM spikes), then any DM spike must not be brighter than the brightest unas-
sociated source.DPS

min would therefore increase by a factor of 4.7 and consequentlythe number of
point sources betweenDPS

min andDPS
max would decrease.

Furthermore, as we have definedDPS
max based on the assumption that objects that generate 50

events per year in FGST would be identifiable as point sources, if the number of required events to
pick out a point source is actually larger than this, then thenumbers of point sources in Table 3 are,
again, too large. In fact, the diffuse gamma-ray backgroundis not entirely uniform, and the Fermi
Collaboration’s ability to identify point sources in the data depends on complex modelling of the
diffuse gamma-ray sky and the location of the sources in the sky [28]. Since the number of spikes
that would appear as point sources depends on the flux required for each spike to be identified as
a point source, and since this flux depends on the region of thesky in which the spike is located,
we do not use our estimates of the numbers of spikes in our Galactic halo to constrainfDS. We
encourage the reader to interpret the numbers in Table 3 merely as reasonable estimates, with the
actual number of point sources likely being somewhat smaller.

4.2 Diffuse Flux

Many of the DM spikes in the Milky Way halo may be too faint to beidentified as point sources
by FGST. Indeed, even DM spikes that have large enough fluxes to be identified as point sources
may have been missed as a result of selection effects; for example, if the local background near
the spike is large [59]. Those DM spikes that cannot be identified as point sources may contribute
to the diffuse flux. Based on the point source criteria in Sec.4.1 and the simulated distribution of
Pop. III.1/DS remnant spikes in the Milky Way halo from VL-II, we calculate the contribution to
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b100 b1T
mBH/M⊙ Early Int. Late Early Int. Late

10 195 (70) 1117 (649) 557 (387) ∼ 2 (∼ 2) 21 (17) 14 (11)
102 304 (151) 3247 (2263) 2935 (2186) 147 (45) 586 (372) 281 (215)
103 380 (213) 5715 (4283) 6754 (5305) 284 (135) 2788 (1895) 2340 (1708)
104 381 (217) 7237 (5548) 10608 (8486)372 (207) 5213 (3870) 5866 (4575)
105 158 (128) 5918 (4831) 10946 (8946)392 (224) 7069 (5402) 9998 (7980)

W100 W1T
mBH/M⊙ Early Int. Late Early Int. Late

10 176 (58) 868 (504) 392 (289) ∼ 2 (∼ 2) 24 (20) 16 (13)
102 294 (144) 3011 (2073) 2618 (1930) 159 (50) 692 (420) 321 (242)
103 377 (211) 5461 (4072) 6279 (4915) 288 (139) 2881 (1969) 2457 (1801)
104 388 (222) 7152 (5473) 10318 (8242)374 (209) 5320 (3957) 6043 (4718)
105 169 (136) 6140 (4998) 11181 (9123)391 (223) 7107 (5434) 10144 (8099)

τ100 τ1T
mBH/M⊙ Early Int. Late Early Int. Late

10 ∼ 7 (∼ 5) 59 (47) 36 (30) ≪ 1 (≪ 1) . 1 (. 1) . 1 (. 1)
102 211 (81) 1360 (808) 768 (518) ∼ 1 (∼ 1) 13 (11) ∼ 8 (∼ 7)
103 314 (159) 3515 (2480) 3312 (2492) 52 (27) 311 (225) 169 (133)
104 381 (214) 5963 (4488) 7302 (5757) 269 (123) 2439 (1618) 1906 (1366)
105 368 (211) 7258 (5575) 10879 (8713)360 (197) 4813 (3541) 5191 (4023)

µ100 µ1T
mBH/M⊙ Early Int. Late Early Int. Late

10 < 1 (< 1) ∼ 2 (∼ 2) ∼ 1 (∼ 1) ≪ 1 (≪ 1) ≪ 1 (≪ 1) ≪ 1 (≪ 1)
102 ∼ 5 (∼ 4) 42 (34) 26 (22) < 1 (< 1) ∼ 1 (∼ 1) ∼ 1 (. 1)
103 195 (69) 1132 (658) 578 (400) ∼ 3 (∼ 2) 28 (23) 18 (15)
104 305 (152) 3278 (2288) 2987 (2229) 172 (56) 846 (493) 390 (287)
105 380 (214) 5752 (4314) 6836 (5374) 294 (143) 3013 (2074) 2629 (1939)

Table 3: Number of FGST5σ point sources in several WIMP annihilation scenarios for each of the
five black hole masses and Early, Intermediate, and Latezf , assuming bothfDS = 1 andBf = 1.
In parentheses are the number of such sources with Galactic latitude|b| > 10◦, to be compared
with the 368 5σ point sources with|b| > 10◦ in the FGST First Source Catalog.

the diffuse gamma ray flux from all faint spikes and make comparisons to the diffuse flux measured
by FGST [29].

Since we use the diffuse flux to place limits on the populationof black holes with DM spikes
in the Milky Way halo, it is important that we not overestimate the diffuse flux. In other words,
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we are careful to exclude from the analysis any spikes that could be identified as point sources in
the one year FGST data. In Section 4.1, we discuss the maximumdistanceDPS

max for point sources
detectable by FGST. Any black hole spikes located at distances less thanDPS

max are excluded from
our estimate of the diffuse flux. In fact, in the following analysis we take the more conservative
approach of requiring an even larger minimal distance for spikes that contribute to the diffuse flux,
Ddiff.

min , as discussed below.
Ref. [57] estimate that the diffuse gamma-ray background produces 20 events per year per

square degree above 1 GeV in FGST for|b| > 60◦, with a larger rate at lower Galactic latitudes.
Here, we impose the condition that only spikes producing fewer than 20 events per year in FGST
are included in the calculation of the diffuse gamma-ray flux. As mentioned above, we assume
that a 5σ detection of a point source would require roughly 50 events.Since the number of events
scales inversely with distance squared, we estimate that the minimal distance at which a DM spike
would likely contribute to the diffuse flux is

Ddiff.
min =

√

50

20
DPS

max ≈ 1.6DPS
max. (15)

We note that sources located farther from our Solar System thanDPS
max and closer thanDdiff.

min are
included neither as point sources nor as part of the diffuse gamma-ray flux.

In the following analysis, we assume thatDPS
max andDdiff.

min are independent of Galactic lati-
tude. However, in actuality, the background to detection ofpoint sources does depend on Galactic
latitude, and therefore both the flux required to generate a5σ excess and the flux below which the
source would be too dim to be identified as a point source should also depend, to some degree, on
the Galactic latitude. To be specific, at high Galactic latitudes the diffuse gamma-ray flux is lowest,
so we expect that by choosingDdiff.

min as in Eq. 15, we may slightly overestimate the contribution of
high |b| DM spikes to the diffuse gamma-ray flux. Sources resulting in20 events per year above 1
GeV in FGST for|b| > 60◦ represent a∼ 3σ fluctuation on the diffuse background, and therefore
such sources may be bright enough to have been identified as point sources. However, Ref. [59]
find that16(±1.8)% (with a systematic uncertainty of 10%) of the GeV isotropic diffuse back-
ground is due to unresolved point sources, whose fluxes are large enough such that they could have
been identified as point sources but have evaded detection due to selection effects. For sources at
Galactic latitudes in the range10◦ < |b| < 20◦, 20 events per year above 1 GeV is only a∼ 2σ
fluctuation on the background.

Given the assumption of a Galactic latitude-independentDdiff.
min as explained above, we com-

pute both the energy spectrum of the contribution to the diffuse gamma-ray background from all
DM spikes at distances greater thanDdiff.

min and the angular distribution in the sky of the gamma-ray
flux from those spikes. The latter quantity is for reference only, and may be sensitive to our choice
of universalDdiff.

min . Had we allowedDdiff.
min to vary with Galactic latitude, more spikes at low

Galactic latitudes and fewer spikes at high Galactic latitudes would contribute to the diffuse flux,
potentially resulting in a more anisotropic angular distribution than what has been calculated here.
One should therefore view the anisotropies of the angular distributions presented here as minimal.

In addition to neglecting the dependence on the Galactic latitude of the diffuse gamma-ray
flux, we have also neglected any local deviations from the average value of the diffuse flux. In fact,
the diffuse gamma-ray background is not entirely uniform, and local deviations from the average
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affect the brightness required of a point source for it to have been identified on top of the local
background. We do not consider these issues here, and take instead a single value ofDPS

min for each
model, applied to all regions of the sky.

We see in the left panels of Figs. 6 and 7 that the all-sky averaged diffuse flux is well below the
FGST measurement of the isotropic diffuse gamma-ray background in all models at low energies,
but rises to the level of the FGST-measured flux at higher energies4.

The diffuse flux from our models is expected to be relatively low in the following two cases:
Case I: If the flux from individual DM spikes is very low such that evennearby spikes are not
bright enough to be identified as point sources, we find that the total flux from all spikes is then
also well below the measured diffuse flux. An example of a casewhich contributes little in the
form of both point sources and the diffuse flux is the annihilation of heavy WIMPs in the DM
spikes around very small black holes; Fig. 4 illustrates thelow luminosity of a single black hole in
this example.
Case II:Alternatively, if a significant fraction of the spikes in theMilky Way halo are bright enough
to have been discovered as point sources, then only spikes very far from our Solar System would
be faint enough to escape identification as point sources andtherefore contribute to the diffuse
gamma-ray flux. This is the case in many models where the individual point sources are very
bright; when the black holes are very massive, when they formed very early, and if the dark matter
is relatively light. Examples of this include annihilations tobb̄ orW+W− around black holes more
massive than102M⊙, as shown in the left panels of Fig. 6.

For scenarios that lie between the two extremes ofCase IandCase II, the expected diffuse
flux of gamma-rays from all unresolved DM spikes in the Milky Way halo may be significantly
larger than the FGST-measured diffuse flux. Therefore, for each black hole mass,zf , and dark
matter mass and annihilation mode, a constraint onfDS may be derived from the requirement that
the diffuse flux of gamma-rays from DM spikes not produce a significant excess over the FGST
observation. These constraints will be discussed in Section 5.

It is also interesting to examine the anisotropy of the expected diffuse gamma-ray flux, namely
to study the number of events as a function of angle with respect to the Solar System-Galactic
center axis. This anisotropy is plotted in the right panels of Figs. 6 and 7. Previously it was sug-
gested that the anisotropy might be used to discriminate among models of Milky Way substructure
and dark matter annihilations [60]. Though such an analysishas not yet been done with data from
FGST, here we consider the behavior of the anisotropy as an indication of whether DM spikes near
the Galactic center contribute to the diffuse gamma-ray flux.

For very low luminosity spikes, as inCase I, few, if any, spikes are bright enough to have been
identified as point sources. If this is the case, then nearly all spikes contribute to the diffuse signal,
including those near the Galactic center. The diffuse gamma-ray flux would therefore be peaked
towards to Galactic center. As one can see in the right panelsof Figs. 6 and 7, for most dark
matter models shown, the spikes surrounding102M⊙ black holes (thick curves) are indeed so dim
that those from the Galactic center region contribute to thediffuse flux. The exceptions to this are
the two most luminous dark matter models shown,b100 andW100, which exhibit more isotropic

4For the sake of the clarity of Figs. 6 and 7 we have plotted onlytwo choices of central black hole mass,10
2 and

10
3M⊙. Larger central black holes may result in either larger or smaller gamma-ray fluxes, depending on the WIMP

annihilation model, generally not differing by more than anorder of magnitude from themBH = 10
2M⊙ case.
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Figure 6: Diffuse gamma-ray flux from DM spikes for models b100, b1T, W100 and W1T, from
top to bottom. In each panel the Early (green, dotted), Intermediate (red, solid), and Late (blue,
dashed) formation scenarios are shown for central black holes of mass102M⊙ (thick curves) and
103M⊙ (thin curves). In the left panels, the all-sky average flux isshown, with the FGST-measured
EGB as black points [29]. In the right panels, the maximal anisotropy is displayed.
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Figure 7:Diffuse gamma-ray flux from DM spikes for modelsτ100,τ1T,µ100 andµ1T, from top
to bottom. Curves are as described in Fig.6.

signals.
All other factors being equal, the DM spikes surrounding103M⊙ black holes are nearly an

order of magnitude brighter than those surrounding102M⊙ black holes. These higher-luminosity
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DM spikes are generally bright enough that the closest ones must be at least as far from our Solar
System as the Galactic center, as evidenced by the lack of peaking toward the Galactic center for
the thin curves in the right panels of Figs. 6 and 7. The exceptions that exhibit a peak towards
the Galactic center for103M⊙ black holes are modelsµ1T andτ1T , the least luminous models
considered here. For even larger black holes, not shown in Figs. 6 and 7, the luminosity of each
spike may be so high that only spikes in the very outer regionsof the Milky Way halo (if any)
contribute to the diffuse gamma-ray flux, as inCase II. This results in a nearly-completely isotropic
diffuse flux.

In contrast to the magnitude of the diffuse flux, which would be small in bothCase IandCase
II , the anisotropy is expected to be different in the two cases:Case Iwould result in some peaking
of the signal towards the Galactic center, while the signal from Case IIwould be nearly isotropic.
However, it must be pointed out that any anisotropy would be most evident near the Galactic
center, where there are many baryonic gamma-ray sources, making the diffuse component difficult
to disentangle, and where the survival of DM spikes is less certain. If spikes in the central region
were disrupted, any anisotropy may have been washed out. Therefore, if there is a peak in the
angular distribution of the diffuse gamma-ray flux towards the Galactic center, it may be evidence
of a Case I-like population of DM spikes, but the lack of a strong anisotropy is not necessarily
evidence for aCase II-like population.

In all scenarios discussed above, the star formation history plays a significant role in so far as
the total number of DM spikes in the Milky Way halo is greatestif star formation persisted to low
redshift. If Population III.1 star formation ended at high redshift, as for Earlyzf , there would be
significantly fewer black hole remnants today in the Milky Way halo. This scenario, identified by
the green curves in Figs. 6 and 7, universally results in a lower diffuse flux than the other scenarios
examined here. The Intermediate and Latezf scenarios, identified by the red and blue curves,
respectively, typically have results that are quite similar to each other, both for the total gamma-ray
fluxes and for the spectra. Again, we emphasize that we have takenfDS = 1 in these calculations.

5 Constraining fDS

To this point we have focused mainly onfDS = 1, though it is possible thatfDS ≪ 1. It is
possible to constrainfDS in two ways: First, from the FGST measurement of the diffuse gamma-
ray background, we require that the diffuse flux from dark matter annihilations around spikes in
the Milky Way halo not exceed the measured flux in any of the nine FGST energy bins in Ref. [29]
by more than3σ. The diffuse gamma-ray flux from annihilations to final statef may be rewritten
for fDS 6= 1 as

Φf (fDS) = fDS × Φf (fDS = 1). (16)

One can then extract an upper limit onfDS from the diffuse background for each choice ofzf and
central black hole mass in each of the dark matter annihilation models. The resulting maximal
values offDS are presented in Fig. 8 for each of the WIMP annihilation models in Table 2 as the
open points, with Early, Intermediate, and Latezf represented in green, red, and blue, respectively.
Note that some scenarios are entirely unconstrained (maximal fDS = 1), in which case the markers
are superposed on each other. These constraints are strongest for scenarios in which the intrinsic
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luminosity of individual DM spikes is moderate; that is, bright enough that the signal is strong, but
not so bright that many/all spikes in the Milky Way halo are seen as point sources. The constraints
are also weakest in all cases for Early termination of star formation, as there are fewer potential
nearby DM spikes today.

The second way to constrainfDS is by requiring that one should expect to find less than one
DM spike withinDPS

min, the minimal distance at which a spike may be located such that it is not
brighter than the brightest point source in the FGST First Source Catalog. In this case we rewrite
the number density of DM spikes as a function of distance fromthe Galactic center,Nsp(R), as

Nsp(R, fDS) = fDS ×Nsp(R, fDS = 1), (17)

and findfDS such that
∫ DPS

min

0

ds

∫

all sky
dΩNsp(R, fDS) ≤ 1. (18)

The maximumfDS as found in this method is displayed in Fig. 8 as the solid points in each
scenario. These are the most conservative limits onfDS, as they are based on the flux not exceeding
that of the brightest FGST point source, the Vela pulsar. If we require that the flux from a DM
spike not exceed that of the brightest unassociated point source, stronger limits onfDS would be
obtained, though there is no gaurantee that there is not a DM spike along our line of sight to Vela.

We see from the solid points in Fig. 8 that the point source constraint onfDS is strongest in
all cases for large central black hole masses and low WIMP masses, when the intrinsic luminosity
of each individual spike is largest. Again, they are weak in the case of Early termination of star
formation, as there are fewer black holes expected in the Milky Way halo, and therefore fewer in
the vicinity of our Solar System.

To this point we have not properly addressed the uncertaintyin the DM spike distribution near
the Galactic center. In fact, in the central region of the Milky Way halo, subhalo evolution is
affected by processes such as dynamical friction and tidal mass loss [61], resulting in a dearth of
dark matter substructures at small Galactic radii. However, as pointed out in Ref. [36], black holes
and their surrounding dark matter spikes can survive tidal disruption even near the Galactic center.
Still, Ref. [36] finds that the distribution of DM spikes is very uncertain, and potentially even zero,
in the inner∼ 3 kpc (see, for example, Fig. 1 of [37]).

Given this uncertainty, we calculate also the constraints on fDS in each scenario, neglecting all
DM spikes in the inner 5 kpc of the Galaxy. In Fig. 9, these results are presented. IffDS = 1, for
Early, Intermediate, and Latezf , we expect roughly 154, 407, and 895 DM spikes in the inner 5
kpc, corresponding to 38%, 10%, and 4% of the total number of DM spikes in the Milky Way halo,
respectively. The constraints are strikingly similar to those in Fig. 8. In general, the limits onfDS

from point source brightness come from much smaller distances, as can be seen in Fig. 5, while the
limits from the diffuse flux are sensitive primarily to the bulk of the halo at large Galactic radii. As
a result, there are only a few cases in which the constraints visibly differ, all of which concern the
nearest point source in scenarios where individual DM spikes are bright enough thatDPS

min & 8.5
kpc. With the exception of these few cases, our constraints on fDS are robust with respect to the
distribution of DM spikes near the Galactic center.

Finally, we return to the issue of the maximum possible brightness of DM spikes. In the pre-
ceeding analysis, we consider only the most conservative criterion for the maximum DM spike
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Figure 8:MaximumfDS as a function of central black hole mass for the WIMP annihilation models
in Table 2. Green circles, red squares, and blue diamonds arefor Early, Intermediate, and Latezf ,
respectively. The solid markers are the limits from point source brightness, while the open markers
are from the diffuse gamma-ray flux, as described in the text.In each panel, the branching fraction
to the relevant final stateBf = 1. Note that the range offDS displayed differs from panel to panel.

22



ç ç ç ç çá á á á áí í í í íæ æ æ

æ

æ

à à

à

à

à

ì ì

ì

ì

ì

b100

1 2 3 4 5
10-4

0.001

0.01

0.1

1

Log10HMBH�M�L

M
ax

im
um

f D
S

ç ç ç ç çá
á á

á áí

í
í í

íæ æ æ æ

æ

à à à

à

à

ì ì ì

ì

ì

b1T

1 2 3 4 5
10-4

0.001

0.01

0.1

1

Log10HMBH�M�L

M
ax

im
um

f D
S

ç ç ç ç çá á á á áí í í í íæ æ æ

æ

æ

à à

à

à

à

ì ì

ì

ì

ì

W100

1 2 3 4 5
10-4

0.001

0.01

0.1

1

Log10HMBH�M�L

M
ax

im
um

f D
S

ç ç ç ç çá á á á áí í
í í

íæ æ æ æ

æ

à à à

à

à

ì ì ì

ì

ì

W1T

1 2 3 4 5
10-4

0.001

0.01

0.1

1

Log10HMBH�M�L

M
ax

im
um

f D
S

ç ç ç ç çá á á á áí
í

í
í

íæ æ æ æ

æ

à à à

à

à

ì ì ì

ì

ì

Τ100

1 2 3 4 5
0.001

0.005
0.010

0.050
0.100

0.500
1.000

Log10HMBH�M�L

M
ax

im
um

f D
S

ç ç ç ç çá
á

á á
á

í í

í

í í

æ æ æ æ æà à à à

à

ì ì ì ì

ì

Τ1T

1 2 3 4 5
0.001

0.005
0.010

0.050
0.100

0.500
1.000

Log10HMBH�M�L

M
ax

im
um

f D
S

ç ç ç ç çá á

á á

áí í

í

í

í

æ æ æ æ æà à à à

à

ì ì ì ì

ì

Μ100

1 2 3 4 5
0.10

1.00

0.50

0.20

0.30

0.15

1.50

0.70

Log10HMBH�M�L

M
ax

im
um

f D
S

ç ç ç ç çá á á

á á

í í í

í

í

æ æ æ æ æà à à à àì ì ì ì ì

Μ1T

1 2 3 4 5
0.10

1.00

0.50

0.20

0.30

0.15

1.50

0.70

Log10HMBH�M�L

M
ax

im
um

f D
S

Figure 9:MaximumfDS as in Fig. 8, but excluding the inner 5 kpc from the Galactic center.

brightness, namely that the brightest DM spike must not be brighter than the brightest FGST point
source, Vela. Given the size of Vela in the sky, it is highly unlikely that the brightest DM spike
happens to lie along our line of sight to Vela. In fact, even ifit does, it is then extremely unlikely
that the second brightest DM spike would also lie along our line of sight to another bright asso-
ciated FGST source (and so on for subsequently dimmer DM spikes). It is much more likely that
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Figure 10:MaximumfDS as in Figs. 8 and 9, excluding the inner 5 kpc from the Galacticcen-
ter and with the maximumfDS from point source brightness determined by the brightness of the
brightest unassociated point source. The maximumfDS from the diffuse gamma-ray flux is as in
Fig. 9. The range offDS displayed is different than in previous figures forµ andτ final states.

the brightest DM spike does not lie precisely along our line of sight to Vela, or any other of the
brightest FGST point sources.
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Given the unlikelihood that DM spikes are hiding along our line of sight to the brightestasso-
ciatedFGST point sources, here we explore the possibility that thebrightest DM spike must not be
brighter than the brightestunassociatedpoint source, which has an energy-integrated gamma-ray
flux of 5.78 × 10−8 cm−2s−1, approximately1/22 that of Vela. In Fig. 10, we present the maxi-
mum value offDS as determined by Eq. 18 with the more stringent maximal flux. As in Fig. 9,
we exclude any spikes located within 5 kpc of the Galactic center. Note that the ranges offDS

displayed forµ andτ final states are different from those in Figs. 8 and 9, and thatthere has been
no change to the constraint derived from the diffuse gamma-ray flux. It is clear that the nearest
point source must now be even farther away, leading to much stronger constraints onfDS. Again,
the limits onfDS are strongest for the most luminous individual spike scenarios (low WIMP mass,
annihilations tobb̄ orW+W−), and for the star formation histories that result in the largest number
of DM spikes near our Solar System. For annihilations of 100 GeV WIMPs tobb̄ orW+W−, there
are significant limits onfDS even for100M⊙ black holes, as would be expected from standard
Population III.1 stars in the absence of a DS phase.

The limits onfDS presented here have all been obtained assuming, as discussed in Sec. 4.1, that
the flux from an individual spike necessary for it to have beenidentified as an FGST point source
does not depend on the location of the spike in the sky. In fact, the flux required for a point source
to have been identified does depend on the diffuse gamma-ray emission near the spike. However,
since some spikes would have been easier to identify while others may be in regions of the sky that
inhibit identification, we estimate that our results are notsensitive to deviations from the average
flux we’ve used. Specifically, sinceDPS

min only depends on the flux from the brightest point source,
the constraint from near point sources is not affected at all, while the constraint from the diffuse
flux comes from an ensemble of many sources, and will therefore be minimally affected.

If, however, the number of events required to identify a point source is significantly larger or
smaller than the 50 per year that we have assumed, our resultswould change somewhat. In either
case, there is no difference in the constraint arising from the brightest spike. If the number of events
required is larger than 50 per year, more spikes would not be bright enough to have been identified
as point sources, so the diffuse gamma-ray flux from all faint(non-point source) spikes would be
larger than that presented here, and therefore the constraint on fDS arising from the diffuse flux
would bestrongerthan what is presented in Figs. 8-10. Conversely, if sourcesproducing fewer
than 50 events per year in FGST have been identified as point sources, then fewer spikes would
contribute to the diffuse flux, and the constraint onfDS arising from the diffuse flux would be
weakerthan what is presented in Figs. 8-10. Again, for the calculation of the diffuse gamma-ray
flux we include only spikes that result in less than 20 events per year above 1 GeV. If more (fewer)
spikes actually contribute to the diffuse flux, then our constraint onfDS from the diffuse flux would
improve (weaken), while our constraint from nearby point sources would be unaffected5.

5We would also expect that there would be fewer (more) spikes that should have appeared as point sources in the
First Source Catalog, and therefore fewer (more) spikes in Table 3.
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6 Antimatter and Neutrino Signatures of Nearby DM Spikes

In general, dark matter annihilations result in other potentially-detectable products in addition to
photons. For example, neutrinos, electrons and positrons,and a host of other Standard Model final
states may be produced, depending on the annihilation mode.Neutrinos and antimatter present
very interesting and potentially fruitful avenues in whichto search for dark matter annihilations in
nearby structures. While there are currently only limits onthe dark matter annihilation rate to neu-
trinos and antiprotons, several recent experiments sensitive to cosmic ray electrons and positrons
have found anomalous signals.

6.1 Positrons: Comparison with PAMELA data

The Payload for Antimatter Matter Exploration and Light-Nuclei Astrophysics (PAMELA) has
observed an excess of cosmic ray positrons (relative to electrons) between 10 and 100 GeV [62],
confirming the hints from earlier experiments such as the High Energy Antimatter Telescope
(HEAT) [63] and the AntiMatter Spectrometer (AMS-01) [64].A surplus of cosmic ray electrons
and/or positrons has also been confirmed by FGST [65], however the spectral feature is less pro-
nounced than that previously reported by the Advanced Thin Ionization Calorimeter (ATIC) [66].

Although an excess of cosmic ray positrons may come from moreconventional astrophysical
sources such as pulsars [67], there has been a great deal of interest in the possibility that these
signals might be a consequence of dark matter particles annihilating in the local halo of the Milky
Way. Efforts to produce such signals with dark matter, however, have faced two major challenges.
First, a very large annihilation rate is required, much larger than that expected from a smoothly-
distributed thermal relic annihilating in the Milky Way halo. Second, given the large annihilation
rate, for most annihilation modes a positron excess would beaccompanied by an excess of antipro-
tons. However no such excess of cosmic ray antiprotons has been observed.

These two challenges have been addressed in a variety of ways, including string theory moti-
vated supersymmetric models with non-thermal wino dark matter, as proposed by [68]. Of partic-
ular relevance to our current work is Ref. [69], which suggests that annihilations in a nearby clump
of dark matter may be responsible for the positron excess. Itmay be extremely unlikely that a
DM subhalo with the required luminosity and distance exists[48,70], but the required luminosities
and distances do lie within the range of DM spike scenarios considered here and in [36–39]. For
example, an 800 GeV WIMP annihilating toW+W− in the DM spike surrounding a102M⊙ black
hole has a luminosity of∼ 1037γ/s, according to Fig. 4. It was found by Ref. [69] that this is
roughly the luminosity required to explain the PAMELA positron excess if the dark matter clump
or spike is located approximately 1 kpc from our Solar System. From the left panel of our Fig. 5,
we see that for a102M⊙ black hole and annihilations toW+W−, the nearest spike as constrained
by the FGST point source data may be as close as∼ 1/2 kpc, potentially over-producing cosmic
ray positrons. If that DM spike is 1 kpc from our Solar System,in agreement with PAMELA, it
may already appear in the FGST catalog.

The feasibility of explaining the excess of cosmic ray positrons with nearby DM spikes sur-
rounding105M⊙ black holes was also addressed in Ref. [39], where it was confirmed that a DM
spike∼ 1 kpc from our Solar System could indeed reproduce the PAMELA excess. Moreover, it
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was shown that a range of annihilation rates and spike distances could explain the PAMELA excess
without overproducing the combination of electrons+ positrons observed by FGST. The implica-
tions of the existence of more than one nearby DM spike may be important as measurements of
the flux of cosmic ray electrons and positrons improve. A moredetailed analysis of the interplay
between gamma-ray and antimatter constraints in these scenarios, including the effects of multiple
spikes according to the local distribution as predicted by VL-II, we leave for future work [71].

6.2 Neutrinos

Although the photon flux generally imposes a stronger constraint on dark matter annihilations, the
neutrino flux may become more significant if there is a substantial branching fraction to leptonic
final states. Searches for a diffuse neutrino flux from dark matter annihilations are limited by the
appreciable background of atmospheric neutrinos above∼ 40 MeV, though it has been shown that
if there is a substantial branching fraction to leptonic final states, the neutrino flux may be a very
useful tool to learn about the properties of dark matter through its annihilations in the Milky Way
halo [72–74] and in the dark matter halos of Milky Way dwarf satellite galaxies [75,76].

The prospects for detecting neutrinos from dark matter annihilations in the spikes surrounding
105M⊙ black holes were investigated in Ref. [77], where the numberof DM spikes producing suf-
ficient event rates at several neutrino telescopes was calculated. Ref. [77] concludes that, based on
the distribution of such black holes from [36], neutrinos from105M⊙ black holes could be detected
by both the IceCube neutrino detector at the South Pole and ANTARES, in the Mediterranean Sea.

The most stringent limits on the flux from point sources in theNorthern Hemisphere have
been set by the AMANDA-II Collaboration [78], though these limits apply only to neutrinos with
Eν > 1.6 TeV, a threshold too large to be relevant for the models considered here. The full
IceCube/DeepCore neutrino detector will have improved sensitivity for point source searches with
neutrino energies potentially as low as∼ 10 GeV [79]. The ANTARES neutrino telescope claims
the best limits on the neutrino flux from point sources in the Southern Hemisphere for 10 GeV
< Eν < 100 TeV ofE2

νdΦ/dEν < few×10−7 GeV cm−2 s−1 [80].
Super-Kamiokande (SK), located in the Mozumi Mine in Japan,is sensitive to neutrinos from

the Southern Hemisphere down toEν = 4.5 MeV, where the flux of solar neutrinos dominates.
Recently, SK performed a search for neutrino point sources and found thatΦ . 10−7 cm−2s−1 for
Eν > 1.6 GeV at declinations between−90◦ and∼ 50◦ [81]. We plot in Fig. 11 the minimum
distance at which a DM spike must be located in order not to exceed this flux, assuming the source
is located in the field of view of SK, as in Fig. 5. Here we use full three flavor vacuum oscilla-
tions [82], and consider only neutrinos that arrive at Earthasν̄µ, as in Ref. [81]. Comparing Fig. 11
and the left panel of Fig. 5, we see that neutrino point sourcebrightness provides a slightly stronger
constraint on the minimal distance of the nearest spike in all scenarios shown if the brightest DM
spike must not be brighter than Vela in gamma-rays.

Of course, unjustified assumptions have been made here; mostobviously that the SK limit on
the flux from point sources applies to the full sky. There are many caveats, as well, such as the fact
that the limit was placed under the assumption that all pointsources emit neutrinos with a spectral
index ofγ = 2, such thatΦν ∝ Φ

(0)
ν E−γ. For softer spectra (largerγ), the limits are considerably

weaker [81]. For these reasons we abandon, for now, the possibility of using neutrinos to constrain
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Figure 11:The minimum distance at which a spike may be found such that the flux of neutrinos
from dark matter annihilation in the spike does not exceed the brightest neutrino point source
as measured by Super Kamiokande. This distance is plotted asa function of WIMP mass for
Intermediatezf . From top to bottom, the contours are for models b100 (blue dashed), W100
(orange dashed),τ100 (magenta dashed),µ100 (green dashed), W1T (orange solid), b1T (blue
solid), τ1T (magenta), andµ1T (green solid). The black horizontal line indicates our distance
from the GC.

dark matter annihilations in density spikes surrounding10−105M⊙ black holes. We note, however,
that future neutrino observations with the DeepCore supplement to the IceCube detector, which
will probe energies down toEν ∼ 10 GeV (possibly with full-sky coverage) [83], as well as
future observations from SK, may provide possibilities fornovel signatures of nearby DM spikes
in neutrinos. The interplay of neutrino and gamma-ray astronomy in the indirect detection and
identification of dark matter may be very important in the near future.

7 Discussion and Conclusions

In this paper we have examined10−105M⊙ black holes with DM spikes that formed in early mini-
halos and still exist in our Milky Way Galaxy today. Such black holes may arise as the remnants
of Dark Stars after the dark matter fuel is exhausted and thermonuclear burning runs its course.
Since the redshift at which the increasing UV background and/or metal enrichment results in the
truncation of Pop. III.1 star formation is poorly constrained, we have examined three scenarios:
Early (zf ≈ 23), Intermediate (zf ≈ 15), and Late (zf ≈ 11). We determined thez = 0 distri-
bution of DM spikes throughout the Galactic halo from the ViaLactea II cosmological N-body
simulation [48]. We find 409, 7983, and 12416 DM spikes in the Milky Way for the Early, Inter-
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mediate, and Late scenarios, respectively, for the case where fDS = 1 (every minihalo hosts a BH
with a spike, no mergers). As the DM spikes around the black holes are the sites of significant DM
annihilation, we examined the signatures of the spikes in gamma-rays, and commented on searches
in e+/e− and neutrinos.

The focus of this paper is the gamma-rays from DM annihilation in the spikes around black
holes in the Galaxy, and comparison with data from FGST. We find that some or all of the unas-
sociated point sources observed by FGST could be black holeswith DM spikes. Indeed, Table 2
shows the estimated number of point sources in the Milky Way halo for a variety of DM models,
and one can see that in most cases more than the 368 observed sources are present. It is exciting to
imagine that some significant fraction of the point sources might be due to DM annihilation near
black holes in our Galaxy. For further discussion of DM pointsources in the FGST First Source
Catalog, see Ref. [57].

Additionally, one can use the FGST observations to place limits on the properties of DM spikes
around black holes. We compare the gamma-ray flux from our models to both that from point
sources and the diffuse flux observed by FGST, and ensure thatthey do not produce gamma-rays
in excess of what is observed. We have found the maximum fraction of Pop. III.1 star-forming
minihalos that could have contained DSs and their black holeremnants. Our results are shown in
Figs. 8-10. In general, it is clear that the bounds are the strongest for the largest black hole masses
and if star formation persisted to low redshift (i.e. the Late model where star formation ends at
zf = 11). We have also found that our bounds are robust with respect to uncertainties related to
dynamics near the Galactic center, in that neglecting all DMspikes in the inner 5 kpc of the Galaxy
does not substantially affect the limits.

We note that our limits depend very sensitively on the DM annihilation channel and on the
black hole mass. One can see that even the conservative constraints from bright point sources,
shown in Figs. 8 and 9, are stronger than those from the diffuse flux in the case of annihilation
primarily to bb̄ or W+W−. These cases are most typical of Minimal Standard Supersymmetric
Model (MSSM) neutralinos. The bounds become more restrictive for higher mass black holes. For
example, the upper left panels in both Figs. 8 and 9 illustrate the bounds for 100 GeV WIMPs
with annihilation primarily tobb̄. There is essentially no constraint formBH . 100M⊙, while the
constraint on the fraction of minihalos containing black hole spikes becomesfDSBbb̄ < 1/10 for
1000M⊙ black holes for Intermediate and Latezf . For the case of 100 GeV WIMPs and even more
massive105M⊙ black holes, the bound becomesfDSBbb̄ < .01, regardless ofzf . If the number of
DSs with these properties is low, it becomes more difficult tofind them in upcoming observations
with James Webb Space Telescope (JWST). On the other hand, for TeV-mass WIMPs, the upper
right hand panel of Fig. 9 shows a weaker constraint for the105M⊙ black holes offDSBbb̄ < 1/10.
Thus one out of every ten minihalos with the right propertiesfor Pop. III.1 star formation might
have hosted a DS with these characteristics. This is a good case for discovery of DS in JWST [9].
From the remaining panels in Figs. 8 and 9, one can see that theconstraints are relatively weak for
WIMPs that annihilate to leptonic final states.

While scenarios involving the larger black holes considered here are decidedly constrained for
all models in Figs. 8 and 9, it is remarkable that we are able tofind conservative limits onfDS even
for 100M⊙ black holes for some dark matter models. Black holes of this size are roughly what is
expected from standard Pop. III.1 star formation, if there is no DS phase. We also point out that
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the smallest black holes we consider here, withmBH = 10M⊙, are actually disfavored by both
theory [84] and simulations [2, 85] as the remnants of Pop. III.1 stars, which are expected to be
considerably larger.

In addition to considering the most conservative case that allows for the possibility that the
brightest DM spike could be located along our line of sight tothe brightest FGST point source, we
also consider the more likely scenario that the brightest DMspike is in fact not hiding along our line
of sight to any of the brightest sources in the FGST catalog that are associated with astrophysical
sources in other wavelengths. If the brightest DM spike mustnot be brighter than the brightest
unassociated object in the FGST First Source Catalog,fDS must indeed be quite small formBH &

1000M⊙ for most dark matter models explored. For annihilations of 100 GeV WIMPs tobb̄ or
W+W−, the limits onfDS are quite significant even for100M⊙ black holes, as would be expected
from standard Population III.1 stars in the complete absence of a DS phase. In order to trust these
stronger limits, however, we must be completely confident inour understanding of the brightest
associated FGST point sources and confident that there is no DM spike hiding along the line of
sight to any of them.

We stress that the limits derived here onfDS are related to the initial fraction of minihalos
in which Population III.1 stars formed and the fraction of DMspikes subsequently disrupted by
mergers asfDS = f 0

DS(1 − fmerged). While our estimates show that mergers don’t change the
number of DM spikes in our Galaxy by more than a factor of 2, a detailed understanding of black
hole mergers is required to translate our constraints onfDS to constraints on the fraction of mini-
halos that were capable of hosting Population III.1 stars that actually did,f 0

DS. This information
could then be used to place an explicit limit on the Population III.1 star formation rate. If/when
the annihilation properties of particle dark matter becomeknown, we may be provided with some
interesting hints about the formation of the first stars.

Here we have restricted our work to black holes withmBH ≤ 105M⊙ and WIMP masses in
the range 100 GeV - 2 TeV. Larger DSs are indeed possible [9], the most massive of which are
expected to be sufficiently bright to be detected by the Hubble Space Telescope (HST) [24]. In
fact, Ref. [24] uses HST data to constrain the formation rateand lifetime of107M⊙ SMDSs. It
would be interesting to directly compare the constraints derived from FGST data with those from
HST. It would also be very interesting to examine the possibility of lighter O(10) GeV WIMPs. On
the one hand, the annihilation rate (which scales inverselywith the WIMP mass) would be larger,
so the sources would be brighter. On the other hand, the photon energies would be lower so it’s
possible that these light WIMP scenarios are already tightly constrainted by the EGRET-measured
photon flux. This would be an interesting case to study, particularly since current data from direct
detection experiments seem to favor this WIMP mass range; DAMA/LIBRA and CoGeNT data
may be consistent with such a value [86–89], though recent reports may indicate incompatibility
with XENON10 data [90].

We also briefly discussed the relevance of DM spikes in relation to the anomalous cosmic ray
positron excess measured by PAMELA. DM spikes seem to be consistent with the dark matter
annihilation interpretation of the excess. Further study of the distribution of spikes in the Milky
Way halo and compatibility with cosmic ray antimatter spectra is merited [71].

In this paper, we have shown how dark matter structures that exist today carry information
about the properties of the first stars in the Universe, and wehave explored a few ways to learn
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about them through existing gamma-ray data from FGST. We look forward to the day when the
properties of particle dark matter reveal themselves, and the implications for Dark Stars and dark
matter astronomy unfold.
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